REMARKS 

Applicant is submitting herewith a Request for Continued Examination (RCE), 
pursuant to 37 C.F.R. §1.114, together with the requisite fee of $790.00 provided for 
under 37 C.F.R. §1. 17(e). Accordingly, Applicant respectfully submits that the "final" 
status of the pending Office Action has now been lifted, toward enabling entry and 
consideration of the present Communication after Final Action. 

Applicant again advises the Examiner of a change in the prosecuting attorneys 
for this case. Applicant is in the process of obtaining execution of the requisite 
Revocation and Substitute Power of Attorney, and Statement under 37 C.F.R. §3.73(b) 
forms, expressly naming the undersigned firm and designated attomeys as Applicant's 
representatives for this case. In the interim, Applicant respectfully requests acceptance 
and entry of the present Amendment and Communication, on the basis of Applicant's 
undersigned attorneys' apparent authority, as evidenced by possession of the file 
enabling preparation of the instant response to the pending Office Action. 

Claims 1-22 have been rejected under 35 U.S.C. §1 03(a) as being unpatentable 
over Funakawa et al., US 6,666,932. Specifically, the Examiner has stated that 
Example 2 of Funakawa (as exemplified at Tables 3 and 4 of that reference) discloses 
specific examples which meet or "closely approximate" the composition limitations of 
Applicant's claims, and that Applicant's claimed process steps do not patentably 
distinguish its claims over Funakawa. Applicant respectfully traverses the Examiner's 
substantive bases for rejection of the claims. 

Applicant respectfully submits that its claims 1-22 are patentably distinguishable 
over the cited Funakawa reference on at least two bases. First, the Examiner has not 
addressed the issue of whether Example 2 of Funakawa discloses a steel having a two- 
phase microstructure comprising about 30% polygonal ferrite and about 70% acicular 
ferrite, as required by subpart (b) of each of Applicant's independent claims 1, 10, 14 
and 18. Example 2 of Funakawa neither teaches nor discloses a steel having such a 
two-phase microstructure. To the contrary, Example 2 of Funakawa teaches that each 
of the steel sheets 1 to 10. identified as being examples of the invention, had a 
microstructure identified as "ferrite structure sinole phase " (Col. 10, lines 56-60) 
(emphasis added). Moreover, Funakawa's "Summary of the Invention" clearly teaches 
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that the object of the invention Is achieved only by a steel sheet "consisting essentially 

of a matrix of ferrite structure sinole phase " (Col. 2, lines 1-6) (emphasis added). In the 

"Detailed Description of the Invention", Funakawa clearly states that the object of the 

present invention can only be achieved by a steel having a ferrite single phase in the 

amount of 95% or more : 

In the present invention, the ferrite structure single phase need not always 
consist of a 100% ferrite phase. If the ferrite phase is 95% or more, the 
object of the present invention can be achieved. (Col. 3, lines 34-37). 

Applicant respectfully submits that one of ordinary skill in the art would define 
Applicant's claimed microstructure comprising about 30% polygonal ferrite and about 
70% acicular ferrite as a two-phase microstructure, rather than the single phase 
microstructure described by Funakawa. Applicant has submitted herewith a copy of an 
article from ISIJ (Iron and Steel Institute of Japan) International. Vol. 42 (2002), entitled 
"Effect of Microstructure on the Yield Ratio and Low Temperature Toughness of 
LInepipe Steels", by Y.M. Kim, S.M. Kim, Y.J. Lim and N.J. Kim. In the Abstract of that 
article, the authors describe how they investigated several two-phase steel alloy 
systems to detemiine the effects of microstructural features on the yield ratio and 
toughness of certain steels. At p. 1572, col. 2, the authors identify one of those two- 
phase steel alloys as comprising " acicular ferrite steels with polygonal ferrite as second 
phase " (emphasis added). Applicant has also submitted herewith a copy of an article 
from the November 2002 Welding Journal entitled "Microstructural Variations in a High- 
Strength Structural Steel Weld under Isoheat Input Conditions", by B. Basu and R. 
Raman, in which the authors clearly indicate that polygonal ferrite and acicular ferrite 
are considered to be distinct structures having different physical characteristics, and 
which in combination do not comprise a "single phase". For example, at p. 244, col. 3, 
the authors describe how, upon cooling, austenite transforms to a variety of different 
microstructures, including grain boundary ferrite. ferrite side plates, polygonal ferrite and 
acicular ferrite, at different transformation starting temperatures. 

Thus, It is clear that Funakawa, which discloses only single-phase ferrite steels, 
neither teaches nor suggests Applicant's claimed two-phase microstructure comprising 
about 30% polygonal ferrite and about 70% acicular ferrite, as required by subpart (b) of 
Applicant's independent claims 1, 10, 14 and 18. As such. Applicant respectfully 
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submits that each of its independent claims 1, 10, 14 and 18 patentably distinguishes 
over the cited Funal^awa reference. 

Second, the Examiner has stated that an average grain size of no more than 5 
microns, as required by subpart (b) of each of Applicant's independent claims 1, 10, 14 
and 18, "would be expected since compositional and other microstructural limitations 
are met, and in absence of proof to the contrary." Applicant respectfully submits that 
the Examiner has failed to state a prima facie case that the average grain size limitation 
of Applicant's claims would be obvious to one of skill in the art in view of Funakawa. 
Indeed, the Examiner has admitted that Funakawa does not teach that a fine ferrite 
grain size of less than 5 microns would be expected, and points to no teaching or 
suggestion in any prior art reference which teaches or suggests an average grain size 
of less than 5 microns. Thus, Applicant respectfully submits that the Examiner has 
failed to state a prima facie case that one of ordinary skill in the art, in making a steel 
using Applicant's claimed composition and process steps, would necessarily obtain a 
two-phase microstructure having an average grain size of no more than about 5 
microns. 

Moreover, Applicant respectfully submits that the Examiner's position is 
misplaced, in view of the fact that Funakawa actually teaches awav from a steel having 
an average grain size of less than 5 microns. Funakawa teaches that one of the objects 
of the invention is to provide a hot rolled steel sheet having high elongation (Col. 1 , lines 
23-27). Among the prior art references discussed in the "Background of the Invention" 
section of Funakawa is JP-A-11 -152544, which is indicated as disclosing a steel sheet 
in which the grain size of ferrite is controlled to be as fine as 2 microns or smaller (Col. 
1 , lines 55-59). Rather than Indicate that such a fine ferrite grain size is desirable, 
however, Funakawa indicates the opposite, by stating that high elongation (one of the 
objects of the invention) cannot be obtained by the prior art because of the fine ferrite 
grain size of 2 microns or smaller. Moreover, Funakawa does not teach that an average 
ferrite grain size of greater than 2 microns but less than 5 microns would be expected or 
desirable. Accordingly, Funakawa teaches away from a fine ferrite grain size of 5 
microns or less. Thus, Applicant respectfully submits that the Examiner's reliance on 
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Funakawa likewise falls to state a prima facie case that Applicant's claimed average 
grain size of 5 microns or less would be obvious to one of ordinary skill in the art. 

In view of the foregoing, Applicant respectfully submits that its independent 
claims 1, 10, 14 and 18 are not obviated by the Funakawa reference cited by the 
Examiner, whether taken alone or in combination with other, unspecified prior art. 
Specifically, Applicant respectfully submits that Funakawa neither teaches nor suggests 
the specific compositions set forth in elements a - c of each of claims 1, 10, 14 and 18, 
in combination with the important process steps of elements d - f , of each respective 
one of claims 1, 10, 14 and 18. Therefore, Applicant respectfully submits that each of 
amended independent claims 1, 10, 14 and 18 patentably distinguishes over Funakawa. 

Accordingly, reconsideration and withdrawal of the rejections of claims 1, 10, 14 
and 18, and allowance of independent claims 1, 10, 14 and 18, are all respectfully 
solicited. 

Inasmuch as dependent claims 2-8, 11-13, 15-17 and 19-22 merely serve to 
further define the subject matter of independent claims 1, 10, 14 and 18, respectively, 
dependent claims 2-8, 11 -13, 15-17 and 19-22 likewise should be deemed to 
patentably distinguish over the cited Funakawa reference. Accordingly, reconsideration 
and withdrawal of the rejections of dependent claims 2-8, 11 - 13, 15-17 and 19-22, 
and allowance thereof, are likewise respectfully solicited. 

Applicant submits that the application as a whole, including all of claims 1 - 22, is 
now in condition for allowance. Reconsideration and allowance of the application as a 
whole, are therefore respectfully solicited. 

Should anything further be required, a telephone call to the undersigned, at (312) 
456-8400, is respectfully invited. 



Respectfully submitted. 



Dated: May 3, 2006 




JeffreyVP. Dunning 
One of Attorneys for Applicant 
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The present study aims at elucidating the effects of microstructural features on the yield ratio and tough- 
ness of high strength linepipe steels. The main emphasis has been placed on understanding the effects of 
constituents on the properties. Several alloy systems with different constituents, i.e. ferrite-pearlite steels, 
ferrite steels with acicular ferrite as second phase, acicular ferrite steels with ferrite as second phase, and 
bainite steels, have been investigated. Experimental results show that while the refinement of ferrite grain 
size improves both yield strength and low temperature toughness of ferrite-base steels, it Increases the 
yield ratio. Modification of matrix from ferrite to acicular ferrite or bainite results In improvements in both 
yield strength and yield ratio. However, bainite steels have worse low temperature toughness {i.e., higher 
DBTT) than the other types of steels. It has been shown that the low temperature toughness of acicular fer- 
rite steels can be improved by the introduction of polygonal ferrite as a second phase. This is mainly due to 
the refinement of effective grain size by the introduction of second phases. The relationship between the 
yield ratio and work hardening exponent has also been established using the Swift equation. Based on the 
results, the optimum microstructure for a better combination of strength, toughness and yield ratio is sug- 
gested to be the one having second phase of polygonal ferrite In an acicular ferrite or bainite matrix. 

KEY WORDS: steel; DBTT; yield ratio; toughness. 



1. Introduction 

Linepipe steels, which transport oil and gas, should have 
high strength, high toughness, excellent corrosion resis- 
tance and superior v^eldability.'"^^ The current demand is 
towards the larger-diameter and higher-pressure linepipes to 
improve the efficiency of transmission, resulting in more 
stringent specifications for the linepipe steels. In addition to 
the above mentioned properties, the steels should have low 
yield ratio (yield strength/tensile strength) for the safety 
concern. The lower yield ratio means the higher resistance 
to deformation from yielding to plastic instability,^'^^ pre- 
venting the sudden decrease in the strength. According to 
the engineering specifications, API X-70 steels should have 
the yield strength higher than 480 MPa, impact energy larg- 
er than 1 00 J at -40°C and the yield ratio smaller than 
85%. It has been shown in the previous study that the 
achievement of low yield ratio (around 80%) and high 
toughness (ductile-brittle transition temperature of around 
-100°C) is possible in the 440 MPa grade C-Mn steel by 
controlling the thermomechanical process.^^ However, it be- 
comes more difficult to maintain adequate values of yield 
ratio and toughness as strength increases to a higher level. 
The basic difficulty in optimizing these properties comes 
from the fact they are often inversely correlated, i.e. an in- 
crease in the strength is achieved at the expense of the yield 
ratio and toughness, and vice versa. Therefore to develop 



the high performance linepipe steels, the individual effect 
of microstructural features on these properties should be 
clearly understood. 

One of the ways of decreasing the yield ratio is the uti- 
lization of hard second phase in the microstructure. 
Numerous studies on so-called dual phase steels showed 
that these steels have low yield ratio due to the presence of 
hard martensite or bainite in soft ferrite matrix. ^'^^ Shikanai 
et al. analyzed the relationship between the volume frac- 
tion and morphology of second phase and the yield ratio by 
finite element method (FEM) and reported that the steel 
should have soft matrix with around 50% volume fraction 
of hard second phase to obtain low yield ratio. It has also 
been suggested that the larger difference in the strength be- 
tween the two phases is more desirable to obtain low yield 
ratio.'*'*^^ However these dual phase steels generally have 
low yield strengths which do not meet the property require- 
ment for X-70 linepipe steels. Moreover the large differ- 
ence in the strength between the two phases might have a 
deleterious effect on toughness since cracks can easily nu- 
cleate at the hard second phase particles at low tempera- 
tures. Recently, more emphasis is placed on developing aci- 
cular ferrite or bainite base steels for linepipe applica- 
tions.""*^^ However, the toughness of these steels is often 
disappointing. Therefore new microstructures are needed to 
obtain the adequate combinations of strength, toughness 
and yield ratio. 
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Table 1. Chemical compositions of the steels used in the present study (mass%). 



Steel 


Q 


Mn 


Si Cr 


Mo 


Ni 


Nb 


Ti 


P 


s 




A 


0.08 


l.Sl 


0.20 






0.05 


0.02 


0.002 


0.003 




B 


0.06 


1.22 


0.26 






0.0S 


0.02 


0.004 


0.003 




C 


0.06 


1.22 


0.26 


0.29 




O.OS 


0.02 


0.004 


0.003 




D 


0.06 


1.21 


0.26 


0.47 




0.05 


0.02 


0.004 


0.003 




E 


0.06 


1.24 


0.26 0.19 


0,30 


0.62 


0.05 


0.02 


0.004 


0.003 




F 


0.06 


1.20 


0.26 


0.47 




0.05 


0.02 


0.004 


0.003 


0.0015 


G 


0.02 


1.55 


0.16 


0.49 


0.21 


0.05 


0.02 


0.002 


0.003 


0.0025 



Table 2. Rolling conditions used for the production of the steels. 



Rolling 
condition 


70mm 51mm(27.1%) 43mm(15.7%) 37mm(14%) 
31mm(16.2%) -^^^U 27mm(12.9%) -^^ss^ 23mm(12.6%) ^^^LJ 20mm(15.3%) 




Steel 


Pass I 


Pass 2 

rc) 


Pass 3 
CC) 


Pass 4 


Pass 5 


Pass 6 


FRT 


CT 
(*C) 


CR 

CC/s) 


Al 


1150 


1100 


1050 


950 


930 


890 


870 


670 


26 


A4 


870 


600 


37 


A5 


870 


530 


33 


A2 


1150 


1100 


1050 


950 


920 


870 


750 


600 


12 


A3 


750 


530 


15 


Rolling 
condition 


70mm 60mm(14.3%) 50mm(16.7%) 42mm(16%) 
30mm(28.6%) 20mm(33.3%) 13mm(35%) 




Steel 


FRTCC) 


crco 


cRrc/s) 


B, C. D, 

E,F 


830 


580 


15 


01 


450 


4 


G2 


11 


G3 


17 



* FRT : fmish rolling temperature, CT : coiling temperature, CR : cooling rate 



The objective of the present study is to elucidate the ef- 
fects of microstructural features on yield ratio and tough- 
ness of high strength linepipe steels. Of particular interest 
is the effect of constituents. Several alloy systems with dif- 
ferent microstructural constituents, i.e. ferrite-pearlite 
steels, ferrite steels with acicular ferrite as second phase, 
acicular ferrite steels with polygonal ferrite as second 
phase, and bainite steels, have been chosen for this study. 

2. Experimental Procedure 

Chemical compositions of the steels used in the present 
study are shown in Table 1. These steels were produced in 
a laboratory scale and subjected to various rolling condi- 
tions to produce various microstructures.^^^^^ Details of 
rolling procedures are shown in Table 2. Specimen blanks 
for tensile specimens were cut from the rolled plates in the 
transverse direction. Tensile specimens were round bars 
with 6 mm gage diameter and 30 mm gage length. Tensile 
tests were conducted at room temperature with a cross head 
speed of 9mm/min. Yield strength of the steels showing 
discontinuous yielding behavior was taken at the lower 
yield point, while that of the other steels was taken at 0.2% 
offset. Reported tensile properties are the averages of at 
least 3 test results. Charpy V notch impact specimens (JIS 
No. 4) were also cut from the rolled plate in the transverse 
direction. Specimens were tested at temperatures ranging 
from -120 to 20°C with 20°C intervals after soaking for 
1 5 min in the bath controlled by liquid nitrogen and alcohol. 



Ductile-brittle transition temperature (DBTT) was taken as 
the temperature corresponding to the mid-point of the 
upper and lower shelf energies. Fracture surfaces of broken 
Charpy specimens were examined using scanning electron 
microscopy (SEM). Volume fraction of the constituent 
phases and the grain size were analyzed by using an image 
analyzer. 

3. Results 

3.1. Microstructure 

Figure 1 shows the representative microstructures of the 
steels with various constituents. These are ferrite-pearlite 
steels (Fig. 1(a)), ferrite steels with acicular ferrite as sec- 
ond phase (Fig. 1 (b)), acicular ferrite steels with polygonal 
ferrite as second phase (Fig. 1(c)), and bainite steels (Fig. 
1(d)). 

Detailed microstructural characteristics of the steels are 
summarized in Table 3. Ferrite grain size of the ferrite- 
pearlite steels ranges from 6.8 to 20.4 ;xm. The volume 
fraction of acicular ferrite in the ferrite-acicular ferrite 
steels varies from 9.6 to 24.1 %. The ferrite-acicular ferrite 
steels also contain a small amount of pearlite (around 2%). 
The ferrite grain sizes of the ferrite-acicular ferrite steels 
ranges from 4.4 to 7.4 jUm, which is generally finer than 
those of the ferrite-pearlite steels. The acicular ferrite-fer- 
rite steels are characterized by the presence of fine (around 
4.5 /xm) polygonal ferrite grains within the elongated acicu- 
lar ferrite matrix. The volume fraction of ferrite in the acic- 
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Fig. 1. Representative microstnictures of the steels with various constituents; (a) ferrite-pearlite steel (B steel), (b) fer- 
rite steel with acicular ferrite as second phase (C steel), (c) acicular ferrite steel with polygonal ferrite as second 
phase (D steel), and (d) bainite steel (G2 steel). 



Table 3. Details of microstnictural features of various steels. 



Structure 


Steel 


Ferrite Grain 
Size (fun) 


m% of Second? 
Ferrite (%) Pcarlite(%) 


lase 

AForBCyp) 




Al 


9.6 


90.7 


9.3 




F-P 


A2 
A3 


20.4 
11.8 


91.2 
93.0 


8.8 
5^ 


1.8 




B 


6.8 


98.3 


L7 






A4 


7.4 


80.S 


8.1 


11.4 


F-AF 


A5 


7.2 


75.9 




24.1 




C 


4.3 


88.7 


1.7 


9.6 




D 


4.6 


5.9 


2.1 


92 


AF-F 


E 


4.2 


5.5 


1.1 


93.4 




F 






2.2 


97.8 




Gl 




3.0 




97.0 


B 


G2 




2.1 




97.9 




G3 




1.8 




98.2 



F : ferrite, AF : acicular ferrite, P : pearlite, B : bainite 



ular ferrite-ferrite steels is around 6% and the inter-ferrite 
spacing along the rolling direction is measured to be around 
1 6 jum. The bainite steels have the microstructure consist- 
ing of elongated grains, which resemble the morphology of 

prior austenite grains. 

3.2. Tensile Properties 

Tensile properties of the steels are listed in Table 4 along 
with their impact properties. It shows that the bainite steels 



have the highest strength followed by the acicular ferrite- 
ferrite steels, the ferrite-acicular ferrite steels and the fer- 
rite-pearlite steels. The strength of multiphase steels is de- 
pendent on the volume fraction and strength of constituent 
phases as shown in previous studies. '"^^ Bainite contains a 
large amount of dislocations in the microstructure, which 
causes significant strengthening effect. Therefore, the 
strength of the bainite steels is the highest, while that of the 
ferrite-pearlite steel is the lowest. The yielding behavior 
changes from discontinuous yielding in ferrite-pearlite 
steels to quasi-continuous yielding in ferrite-acicular ferrite 
steels. Acicular ferrite-ferrite and bainite steels show con- 
tinuous yielding behavior. 

Figure 2 shows the relationship between yield strength 
and yield ratio of the steels. It shows that, at the same yield 
strength level, the bainite steels have the lowest value of 
yield ratio, followed by the acicular ferrite-ferrite steels, 
ferrite-acicular ferrite steels, and the ferrite-pearlite steels. 
It can also be seen in Fig. 2 that it is very difficult for the 
ferrite-pearlite steels to meet the tensile property specifica- 
tions for X-70 grade steels (i.e,, yield strength higher than 
480 MPa and yield ratio lower than 85%). However, other 
types of steels can meet the specifications. 

3.3. Impact Toughness and Fracture Behavior 

DBTTs and upper shelf energies of various steels are 
shown in Table 4. Figure 3 shows the relationship between 
yield strength and DBTT of the steels. As is the case of ten- 
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Table 4. Tensile and impact properties of various steels. 



Steel 


YS (MPa) 


UTS (MPa) 


EL(%) 


YR(%) 


DBTTC'C) 


Upper Shelf 
EnaKy(J) 


Al 


46S 


555 


42.5 


83.8 


-51 


406 


A2 


458 


553 


40.5 


82.9 


-15 


400 


A3 


456 


550 


37.2 


82.9 


-31 


400 


B 


469 


523 


31.2 


89.5 


•82 


421 


A4 


489 


583 


35.0 


83.9 


-40 


371 


AS 


508 


582 


36.5 


87.3 


-25 


349 


C 


543 


618 


25.4 


87.9 


-79 


305 


D 


587 


707 


23.7 


83.0 


-78 


266 


E 


592 


719 


24.2 


82,5 


-90 


212 


F 


588 


697 


19.2 


84.4 


-63 


179 


01 


575 


718 


15.3 


80.2 


•28 


272 


02 


629 


747 


14.7 


84.2 


•12 


255 


03 


653 


757 


11.8 


86.2 


3 


258 




sile properties, it is difficult to make clear analyses on the 
effect of microstructure on the variation of DBTT since the 
steels have large differences in the chemical composition. 
However, there are rather distinctive differences in DBTTs 
among various microstructures, which clearly shows the ef- 
fect of microstructure on DBTT. It shows that the acicular 
ferrite-ferrite steels have the best combinations of yield 
strength and DBTT. Although bainite steels have very high 
strength, they have poor low temperature toughness. Their 
DBTTs range from 3 to -ZS^C, which are much higher 
than the property requirement for X-70 grade API steels. 
Moreover, these steels have much lower shelf energies at all 
test temperatures than the other types of steels. 

Representative SEM fractographs of the steels with vari- 
ous microstructures are shown in Fig. 4. Fractographs were 
taken from the specimens broken at below the respective 
DBTTs and hence all fractographs show the cleavage frac- 
ture surface. As expected from the impact properties, frac- 
ture surface shows large differences in the size of cleavage 
facets depending on the microstructure. It shows that the 
ferrite-base, i.e., ferrite-pearlite and ferrite-acicular ferrite, 
steels have the cleavage facets on the scale of ferrite grain 



size, which is the smallest among all the steels (Fig. 4(a)). 

The bainite steels have the largest cleavage facets on the 
scale of prior austenite grain size along the elongated direc- 
tion (Fig. 4(d)). 

4. Discussion 

4.1. Yield Ratio 

As shown above, the steels show different combinations 
of yield strength and yield ratio depending on their mi- 
crostructural constituents. In general, it can be said that the 
steel with lower yield strength has the lower value of yield 
ratio. However, such statement may lead to a wrong conclu- 
sion since yield ratio is a function of not only yield strength 
but also work hardening rate. In the case of ferrite-pearlite 
steels, reducing the ferrite grain size increases the yield 
strength with an accompanying increase in yield ratio. 
Moreover, reducing the ferrite grain size decreases the work 
hardening rate, which has an additional effect on increasing 
yield ratio. Similar behavior is operating in the steels hav- 
ing a second phase of acicular ferrite instead of pearlite. 
However, modification of matrix from ferrite to acicular 
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Fig. 4. SEM fractographs of broken Charpy impact specimens; (a) ferrite-pearlite steel (B steel), (b) ferrite-acicular fer- 
rite steel (C steel)^ (c) acicular ferrite-ferrite steel (D steel), and (d) bainite steel (G2 steel). 



ferrite results in increase in yield strength and decrease in 
yield ratio. The existence of large density of mobile dislo- 
cations in the acicular ferrite results in continuous yielding 
and high work hardening rate.*^^ When the load is applied, 
acicular ferrite matrix shows a large response to strain hard- 
ening, resulting in a high ultimate tensile strength. The net 
result is that the steels with acicular ferrite matrix can have 
lower values of yield ratio than the steels with polygonal 
ferrite matrix. The steels with bainite matrix have even 
higher work hardening rate than those with acicular ferrite 
matrix. Therefore. The bainite-base steels can have lower 
yield ratio than the acicular ferrite-base steels at the same 
strength level. 

As discussed above, it is impossible to make a general 
statement on which microstructure has the lowest value of 
yield ratio since yield ratio is actually a function of both 
yield strength and work hardening rate. To have a better un- 
derstanding of the effect of the microstructure on yield 
ratio, stress-strain behavior of the steels has been analyzed 
using the Holloman equation and the Swift equation. '^-'^^ It 
has been shown that the Holloman equation cannot describe 
the stress-strain behavior of steels since it underestimates 
the strength at low strain levels. However, the Swift equa- 
tion can adequately describe the stress-strain behavior of 
steels and the relationship between the yield ratio and work 
hardening exponent has been derived as follows*^' 

..n- -^y - (^ + ■"(' + ^))'' exp(iy-fc) 



Table 5. Values of b in Swifl equation and critical work hard- 
ening exponent (N*) for achieving the yield ratio of 
0.85. 



Structure 


b 


N* 


Ferrite-Peariite 


0.03 


0.1738 


Ferrite-Acicular Ferrite 


0.03 


0.1738 


Acicula Fcrrite-Ferrite 


0.01 


O.I 175 


Bainite 


0.002 


0.0796 



where is the yield strength, is the ultimate tensile 
strength, b is the additive strain constant, is the engineer- 
ing strain at yield strength (usually 0.002), and N is the 
work hardening exponent. 

The linear relationship has been established between 
ln(a) and \r\(ep+b) by setting the appropriate values of b 
for each type of microstructure (a is the true stress and Bp 
is the true plastic strain). Table 5 shows the values of b for 
each type of microstructure. The values of b range from 
0.002 to 0.03, depending on the microstructure with the 
lowest value of b associated with heavily dislocated struc- 
ture. It suggests that b^ the additive strain constant, is a 
ftinction of amount of strain hardening (e.g., dislocation 
density) the alloy has received prior to tensile testing. 
Figure 5 shows the relationship between the yield ratio and 
work hardening exponent of various steels. The experimen- 
tal results agree well with the results calculated using the 
above equation. It shows that the ferrite-base steels have 
larger work hardening exponents than the acicular ferrite- 
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or bainite-base steels. Increasing the ferrite grain size in- 
creases the work hardening exponent of the ferrite-base 
steels, thereby decreasing the yield ratio. In the case of aci- 
cular ferrite-base steels, increasing the volume fraction of 
soft second phase of polygonal ferrite increases the work 
hardening exponents, resulting in a decrease in yield ratio. 
Comparing the relationship between yield ratio and work 
hardening exponent of the steels with similar microstruc- 
ture, it shows that increasing the work hardening exponent 
decreases the yield ratio. However, the dependence of yield 
ratio with work hardening exponent varies depending on 
the type of structure. The steels having higher work harden- 
ing rate (e.g., bainite-base steels) have lower yield ratio 
than the steels having lower work hardening rate fer- 
rite-base steels) when compared at the same value of work 
hardening exponent. The critical work hardening exponent 
(A^*) for achieving the yield ratio of 0.85 is also shown in 
Table 5. It can be seen that A^* is the lowest for the bainite- 
base steels, followed by the acicular ferrite-base, and the 
ferrite-base steels. 

4.2. Low Temperature Toughness 

As shown in Fig. 4, the sizes of the cleavage facets are 
different depending on the microstructural constituents, 
with the smallest in ferrite-base steels and the largest in the 
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Fig. 5. Relationship between yield ratio and work hardening ex- 
ponent of various steels. 



bainite steels. It suggests that the effective grain sizes con- 
trolling DBTT are also different depending on the mi- 
crostructural constituents. In the case of ferrite-base steels, 
the effective grain size is the ferrite grain size. This is con- 
firmed by the cross sectional micrography of the broken 
Charpy impact specimen (Fig. 6(a)) showing the change of 
crack propagation direction at the ferrite grain boundaries. 
It is well known that decreasing the ferrite grain size im- 
proves both strength and low temperature impact tough- 
ness. It can be seen in Fig. 3 that DBTT decreases from 
- 15 to -82**C with refining the ferrite grain size from 20.4 
to6.8/im. 

The size of the cleavage facets in bainite steels is very 
large. In fact, their size is about 100/xm along the direction 
of crack propagation, \^4iich is similar to the diameter of 
prior austenite grains along elongated direction. This sug- 
gests that the effective grain size for the bainite steels is the 
prior austenite grain size. Cross sectional micrography of 
the broken Charpy impact specimen (Fig. 6(b)) shows that 
the crack propagates across the packet boundaries without 
changing direction, indicating that packet size is not the ef- 
fective grain size for bainite steels. Although there can be 
several bainite packets within a prior austenite grain, packet 
boundaries cannot act as a barrier to cleavage crack propa- 
gation since packet boundary is low angle boundary.'^ 
Moreover, electron back-scatter diffraction (EBSD) analy- 
ses show the bainite packets within an austenite grains 
share the common cleavage planes. The similar behavior 
has been found in frill acicular ferrite steels. '^^ 

Although the acicular ferrite steels have high DBTTs, in- 
corporation of polygonal ferrite as a second phase can con- 
siderably decreases the DBTTs as shown in Fig. 3. 
Fractography shows that the size of the cleavage facets in 
the acicular ferrite-ferrite steels is much smaller than that 
in the bainite steels (Fig. 4). The size of the cleavage facets 
in the acicular ferrite-ferrite steels is around 22 /im, which 
is similar to the inter-ferrite spacing. Cross sectional mi- 
crography of the broken Charpy impact specimen (Fig. 
6(c)) shows that the crack changes its direction when it 
meets the acicular ferrite/ferrite boundaries (marked by 
arrow), indicating that the acicular ferrite/ferrite boundaries 
are the effective barriers to cleavage crack propagation. As 
in the case of acicular ferrite or bainite steels, packet 
boundaries do not act as barriers to cleavage crack propaga- 
tion. Therefore, the effective grain size for the acicular fer- 
rite-ferrite steels is inter-ferrite spacing. Mechanisms of 





Fig. 6. Cross-sectional SEM micrography of the broken Charpy impact specimens; (a) ferrite-pearlite steel (B steel), (b) 
bainite steel (G2 steel), and (c) acicular ferrite-ferrite steel (D steel). 



© 2002 ISIJ 



1576 



ISIJ International, Vol. 42 (2002), No. 12 



(a) (b) (c) 




Fig. 7. Schematic drawings showing the cleavage crack propagation in various steels; (a) ferrite-base steel, (b) bainite 
steel, and (c) acicular ferrite-ferrite steel. 



cleavage crack propagation in various steels are schemati- 
cally shown in Fig. 7. 

Based on the correlation of microstructure and mechani- 
cal properties, optimum microstructure for the development 
of high performance linepipe steels can be suggested to be 
the one having second phase of polygonal ferrite in an acic- 
ular ferrite or bainite matrix. The achievement of optimum 
combination of strength, yield ratio and DBTT is difficult 
in ferrite-base steels since the most effective method for 
improving strength and toughness, i.e., grain refinement, 
leads to the increase in yield ratio. On the other hand, acic- 
ular ferrite- or bainite-base steels have the advantage of 
higher yield strength and lower yield ratio over ferrite-base 
steels. The problem of poor low temperature toughness of 
these acicular ferrite- or bainite-base steels can be over- 
come by the introduction of polygonal ferrite as second 
phase, which reduces the effective grain size. 

5. Summary 

In the present study, the effect of microstructural features 
on the yield ratio and toughness of high strength linepipe 
steels have been investigated and the results can be summa- 
rized as follows; 

(1) While the refinement of ferrite grain size is quite 
beneficial to the improvement of both yield strength and 
low temperature toughness of ferrite-base steels, it has an 
adverse effect on yield ratio in that it increases the yield 
ratio. 

(2) The modification of second phase from pearlite to 
acicular ferrite or bainite in ferrite-base steels results in the 
improvement in strength without affecting DBTT. However, 
acceptable yield ratio has been obtained in the ferrite-acic- 
ular ferrite steels only at their lower end of strength. 

(3) The modification of matrix phase firom ferrite to 
acicular ferrite or bainite results in the improvement in 
strength and yield ratio. However, these steels have worse 
low temperature toughness (i.e., higher DBTT) than the 
other types of steels due to their much larger effective grain 
size. 

(4) The introduction of polygonal ferrite as a second 



phase in acicular ferrite or bainite matrix considerably im- 
proves the low temperature toughness of acicular ferrite- or 
bainite-base steels without degrading strength and yield 
ratio. This is mainly due to the refinement of effective grain 
size by the introduction of second phase particles. 

(5) The relationship between the yield ratio and work 
hardening exponent has been made. It shows that the de- 
pendence of yield ratio with work hardening exponent 
varies depending on the type of structure. The critical work 
hardening exponent for achieving the yield ratio of 0.85 is 
the lowest for the bainite-base structure, followed by the 
acicular ferrite-base, and the ferrite-base structure. 
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Microstructural Variations in a High-Strength 

structural Steel Weld 
under Isoheat Input Conditions 

Weld bead morphologies influence weld cooling rate and 
hence the acicular ferrite content in steel 



ABSTRACT Bead-in-groove submerged 
arc welding of quenched and tempered (Q 
& T) HSLA steel using a suitable welding 
wire and an agglomerated basic flux (ba- 
sicity index = 3.1) was carried out under 
heat input conditions varying from 1.9 to 
3.7 kJ/mm. The heat input was adjusted by 
varying the welding current and welding 
speed with the machine operated in the 
constant voltage mode (32-33 VDC). 
From several welds prepared using a 
range of currents (400-800 A) and speeds 
(3-13 mm/s), nine welds were selected. 
These welds represented those prepared 
under isoheat input conditions with dif- 
ferent current and speed combinations. Tt 
was found all the parameters (namely, 
prior austenitic grain size, inclusion char- 
acteristics, cooling rate) influencing the 
volume fraction of intragranularly precip- 
itated acicular ferrite in the weld showed 
significantly different dependence at a 
particular heat input depending upon the 
welding current and speed combination 
used. A new cooling rate parameter 
(NA/Cl) based on the weld nugget cross- 
sectional area (NA) and the fusion 
zone/heat-affected zone interface length 
(CI) were defined. Using multiple regres- 
sion analysis, a correlation between acicu- 
lar ferrite content and the different influ- 
encing parameters as mentioned above 
was defined having —90% correlation co- 
efficient. This correlation can be utilized 
in setting up the trial welding parameters 
for similar grades of steel substrates and 
consumables with an aim to maximizing 
the acicular ferrite content. 

Introduction 

In the use of high-strength steels for 
structural applications, the greatest con- 
cern is achievement of the desired me- 
chanical properties in the weld, particu- 
larly low-temperature toughness. To 
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economically achieve the required combi- 
nation of high strength and excellent low 
temperature toughness in welds for con- 
structional applications, appropriate se- 
lection of welding parameters must be ad- 
dressed. It is a common practice to 
correlate the various weld metal proper- 
ties with heat input. Thus, the effects of in- 
dividual welding parameters such as cur- 
rent and speed are not properly assessed 
when combined in the form of heat input. 
The effects of variation of welding current 
and speed are expected to result in subtle 
variations in microstructure leading to 
mechanical properties anywhere between 
highly desirable to highly deleterious, 
even though welding might have been car- 
ried out using the same heat input. Pub- 
lished information (Refs. 1-4) is available 
in a very general manner on the effect of 
welding parameters, particularly heat 
input, on the structure and properties of 
high-strength steel welds. However, the 
effects of individual welding parameters, 
like current and speed, on the various mi- 
crostructural and mechanical properties 
have hardly been systematically ad- 
dressed, particularly under isoheat input 
conditions. 

It is well established that weld mi- 
crostructure containing intragranularly 
formed acicular ferrite, due to its fine bas- 
ket-weave-like structure, helps to achieve 
good low-temperature toughness (Refs. 
5-8). Extent of fomiation of such a struc- 
ture is a result of competition with unde- 
sirable higher temperature ferrite mor- 
phologies and involves the complex 
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interaction between welding parameters, 
plate and welding wire chemistry, flux 
composition, and, significantly, the actual 
cooling rate the weld experiences. Using 
the classical approach (Ref . 9) of heat flow 
in fusion welding, it is possible to estimate 
the cooling rate experienced by the weld. 
However, these estimates are rarely accu- 
rate, especially with respect to the fusion 
zone. This is because these empirical 
equations do not take into account the 
weld nugget macromorphology that is ex- 
pected to play a decisive role in the weld 
cooling rate. Further, the macromor- 
phologies of the weld nugget are expected 
to depend on the individual welding para- 
meters and cannot be accurately corre- 
lated with heat input. In this work, an at- 
tempt has been made to study micro- 
structural variations in a submerged arc 
weld of a high-strength steel under differ- 
ent isoheat input conditions. 

Experimental 

The objective of the present work is to 
study the effects of heat input, as a whole, 
and individual welding parameters such 
as welding current and speed, under iso- 
heat input conditions, on the microstruc- 
tural variations of as-deposited weld 
metal obtained by single-pass, bead-in- 
groove welding. The single-pass, bead-in- 
groove welds were characterized for 
chemistry including oxygen, volume frac- 
tion of various microstructural phases, 
sizes of prior austenitic grains, and inclu- 
sion characteristics. 

Materials 

Base plate — A 22-mm-thick HSLA 
steel was used for the experiment. 

Welding Wire — A 3,15-mm-diameter, 
copper-coated alloyed wire was used as 
welding wire. Chemical analysis of the 
base plate and the welding wire used in the 
experiments is shown in Table 1 . 
Flux — A highly basic, commercially avail- 
able agglomerated flux with basicity 3.1 
was used to cariy out the welding. To drive 
away the moisture absorbed during stor- 
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fig, I ^ Schematic of the joint geometry. A — Top view; B — side view (section AA). 
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Table 1 — Cheraica! Composition (wt-%) of Base Metal and Welding Wire 



Elements 


C 


Si 


Mn 


Ni 


Cr 


Mo 


S 


P 


Cu 


Base Metal 


0.08 


0.23 


0.4 


1.8 


0.44 


0.29 


<0.01 


<0,01 


0.38 


Welding Wire 


0.04 


0.1 


0.81 


2.6 


0.07 


0.24 


<0.01 


<0.01 


0.11 



Table 2 — Chemical Composition of Flux 



Constituents 
Wt-% 



MgO 
36 



CaF2 
26 



Si02 
13 



AI2O3 
12 



Ti02 
0.5 



MnO 
0.5 



CaO 
12 



Tables 


— Welding Parameters 






Code 


Current 


Speed 


Heat Input 




(Amp) 


(mm/s) 


(kJ/mm) 


E 


425 


7.00 


1.97 


F 


425 


4,75 


2.91 


G 


425 


3.70 


3.73 


I 


625 


10.83 


1.87 


D 


625 


7.00 


2.90 


C 


625 


5.45 


3.72 


H 


800 


13.90 


1.87 


J 


800 


8.90 


2.92 


K 


800 


7.00 


3.71 



age, the flux was heated in a drying oven 
at 350°C for 2 h just before use. The ap- 
proximate composition of the flux con- 
stituents is shown in Table 2. 

Weld Preparation 

Joint Geometry — The plates were 
ground to a bright metal finish before de- 
positing the beads. Single-pass, bead-in- 
groove welds were made on 22-mm-thick, 
360- X 150-mm steel plates using submerged 
arc welding (SAW). A SAW machine in con- 
stant voltage mode carried out the welding. 
The joint geometry used for carrying out the 
test welds is shown in Fig. 1. The run-on tabs 
allowed enough time to adjust welding cur- 
rent and voltage, while the run-off tabs pre- 
vented crater formation within the actual 
weld of interest. Thus, for each deposit, 300- 
mm-long deposits of acceptable quality 
could be achieved. 

Welding Parameters — A series of sub- 



merged arc welds was produced using a 
range of heat inputs from 2 to 4 kJ/mm at 
varying current levels from 425 to 800 A. 
Since a large amount of mechanical, met- 
allurgical, and chemical characterization 
work was to be done, nine welds were se- 
lected from a number of experimental 
welds. The basis for selection was to in- 
clude as wide a range of welding speeds as 
possible. The nine welds selected for 
analysis represented three heat input lev- 
els at three current levels, as illustrated in 
Table 3. This selection made it possible to 
study the properties of various welds 
under isoheat input conditions but with 
different combinations of individual weld- 
ing parameters, specifically current and 
speed. Submerged arc welding was per- 
formed using direct current, electrode 
positive with an initial electrode extension 
of 22 mm, under constant voltage. Weld- 
ing voltage was kept constant at 32-33 V 
for all welding trials. 



Characterization of the Welds 

The prepared welds were separated 
from the run-on and run-off tabs. The sep- 
arated welds were used for chemical ele- 
mental analysis including oxygen content, 
quantitative metallography, inclusion 
characteristics, and weld bead 
morphology. 

Chemical Analysis — Chemical com- 
position of the as-received base plate and 
core wire were obtained using an emission 
spectrometer for the elements man- 
ganese, silicon, nickel, chromium, copper, 
vanadium, and phosphorus and using an 
interstitial combustion analyzer for car- 
bon and sulfur. Oxygen and nitrogen 
analysis of the samples was carried out 
using an infrared oxygen analyzer. The 
samples for oxygen and nitrogen analysis 
were taken from the center of the welds 
and carefully machined using a cooling so- 
lution into small cylindrical specimens 2 
mm in diameter and 5 mm in length. The 
chemical analysis, including oxygen, was 
the average of three results. 

Quantitative Metallography — Quan- 
titative metallography was carried out 
using an inverted microscope attached 
with an image analyzer. The experimental 
welds were sectioned transverse as well as 
inclined to the welding direction for met- 
allographic examination, as shown in Fig, 
2. Sectioning of the samples for quantita- 
tive metallography was done near the mid- 
dle of the length of the weldment, at two 
different locations. Due to distortion dur- 
ing sectioning, the measurement on a 
transverse section may not give the true 
prior austenitic grain size. Therefore, in- 
clined sections, perpendicular to the 
columnar grains, were prepared and ap- 
proximately equiaxed austenite grains 
were observed and measured. The size of 
the prior austenite grains was measured by 
tracing along individual grains and mea- 
suring the enclosed area using a comput- 
erized image analyzer. More than 100 
prior austenite grains were measured from 
5 to 10 different fields for all the individual 
welds. The specimens were mechanically 
polished to a 0.25-jti diamond finish in an 
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Fig, 2 — Schematic showing the sample preparation for microstructural char- Fig. 3 — Schematic of weld bead showing different bead morphologies, 
acterization, (Inclined section — prior aiistenitic grain size determination; 
transverse section — microstructural observation. 



Table 4 — Chemical Composition of Experimental Welds 



Code 


C 


Mn 


Si 


S 


P 


Ni 


Cr 


Mo 


Cu 


O 


N 


Pern 




















(ppm) 


(ppm) 




E 


0.077 


0.77 


0.22 


0.009 


0.020 


2.47 


0.24 


0.25 


0.47 


394 


146 


0.216 


F 


0.055 


0.77 


0.21 


0.006 


0.020 


2.60 


0,23 


0.25 


0.47 


335 


117 


0,195 


G 


0.054 


0.78 


0.19 


0.007 


0.023 


2.41 


0.22 


0.25 


0.45 


378 


130 


0.189 


I 


0.070 


0.76 


0.22 


0.005 


0.021 


2.50 


0.25 


0.26 


0.51 


454 


127 


0.212 


D 


0.064 


0.73 


0.23 


0.006 


0.019 


2.47 


0.26 


0.25 


0.49 


404 


124 


0.203 


C 


0.063 


0.75 


0.24 


0.006 


0.020 


2.46 


0.24 


0.25 


0.49 


340 


136 


0.203 


H 


0.075 


0.77 


0.25 


0.005 


0.016 


2.31 


0.24 


0.25 


0.50 


457 


161 


0.214 


J 


0.065 


0.77 


0.23 


0.005 


0.018 


2.61 


0.27 


0.26 


0.45 


403 


126 


0.208 


K 


0,064 


0.77 


0.22 


0.005 


0.018 


2.63 


0.24 


0.25 


0.47 


383 


140 


0.206 



automatic polisher. The weld metal mi- 
crostructure was revealed by etching with 
a freshly prepared 2% nital solution. The 
volume fraction of different microstruc- 
tural constituents, namely, grain boundary 
ferrite (GBF), polygonal ferrite (PF), fer- 
rite side plate (FSP), and acicular ferrite 
(AF), were obtained from more than 500 
point counts carried out at a magnification 
of 500X on a transverse section. 

Inclusion Analysis — Measurement of 
volume fraction of nonmetallic weld metal 
inclusions was carried out on transverse 
sections of the welds. The polished sam- 
ples were observed without etching at 
1500X magnification under an optical mi- 
croscope attached with an image analyzer. 
More than 500 inclusions from various 
fields were taken for quantitative analysis. 
Due to limitations in the accuracy of de- 
tection levels of the optical microscope, 
inclusions having a diameter of less than 
0.20 ^ were not considered for analysis. 

Weld Nugget Morphology — The mor- 
phology of the weld nuggets was measured 
from samples in the direction transverse 
to the welding direction. Sectioning of the 
samples was done at the center of the 
length of the weld nuggets. Nugget mor- 
phologies were measured by tracing an en- 
larged (l OX) image of the polished and 
macroetched section of the weld profile 
using a profile projector. The various 
nugget morphologies measured, as per the 
schematic of weld bead dimensions shown 
in Fig. 3, were nugget area (NA) mm^ and 
fusion zone boundary length (CI) mm. 



Results 

Weld Chemical Analysis 

The chemical compositions of the ex- 
perimental welds are given in Table 4. 

Weld Bead Morphology 

The weld nugget morphologies have 
been tabulated in Table 5. It is assumed the 
weld nugget cross section is the same 
throughout the weld length. Hence, the 
nugget area (NA) (considering unit length 
of weld) can be assumed to represent the 
amount of metal fused and the amount of 
heat to be extracted by the surrounding base 
metal. In SAW, the cooling of the weld es- 
sentially takes place due to the surrounding 
base metal and, therefore, the fusion 
zone/HAZ boundary length (CI) (again 
considering unit length of weld) can be as- 
sumed to represent the area through which 
the heat is transferred. It has been observed 
that with an increase in current, at each of 
the three heat input levels, the nugget area 
increases — Fig. 4. The fusion zone bound- 
ary length (CI) was observed to increase 
with current at all heat input levels (Fig. 5) 
except at the highest current and highest 
heat input combination. 

Prior Austenlte Grain Size (g) 

The variations in austenitic grain sizes 
(g) with current under isoheat input con- 



ditions are listed in Table 5 and shown in 
Fig. 6. It should be noted the values given 
are the average of about 100 measure- 
ments from different fields done on each 
weld. Typical micrographs with clearly de- 
lineated prior austenite grains are shown 
in Fig. 7A-C. 

Volume Fraction of Various Phases 

Qassification of various phases present 
in the weld was done by II W method, based 
on the recommendations of Abson and Par- 
geter (Ref. 10). The different phases identi- 
fied and quantified were acicular ferrite, 
grain boundary ferrite, polygonal ferrite, 
and ferrite side plates. From the results 
(Table 6), it can be seen the volume fraction 
of AF, in general, is quite high and varied 
between 67 and 84%. It is interesting to 
note (Fig. 8) that acicular ferrite content 
shows significant differences in dependence 
on the welding current although heat input 
remains the same. This is particularly so at 
higher levels of welding current at which the 
weld bead morphology is likely to change 
significantly due to increased penetration. 
This is likely to affect cooling rate signifi- 
cantly, as will be explained later, and, 
hence, AF content. The microstructures 
showing various phases of the welds are 
shown in Fig. 9A--C. 

Inclusion Analysis 

Inclusion analysis was done using an 
optical microscope coupled to an image 
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Fig. 4 —Variation of nugget area with current under isoheat input conditions. Fig. 5 — Variation of fusion zone boundary length (CI) with current under 

isoheat input conditions. 



T^ble 5 — Bead Morphology and Prior Austenlte Grain Size of Experimental Welds 



Code Nugget Area Fusion Zone Grain Size 

NA (mm») Boundary Length (y) 

CI (mm) 

E 72.4 22.1 99.3 

F 102.0 26.7 130.0 

G 120.2 28.2 155.5 

I 80.6 25.2 95.0 

D 124.0 27.6 135.7 

C 177.5 34.8 146.9 

H 100.8 26.5 89.0 

J 127,0 30.5 110.0 

K 181.4 32.3 132.0 



Table 6 — Volume Fraction of Various Microstnictural Phases and Inclusion Analysis in 
Experimental welds 

Volume fraction of various phases (%) 



Code 


AF 


GBF 


PF 


FSP 


Inclusion Size 


Volume Percent 












(3-D).dv(n) 


(3-D),f(%) 


E 


77.6 


17.2 


1.6 


3.6 


0.495 


0.00146 


F 


70.6 


22.6 


2.0 


4.8 


0.504 


0.00148 


G 


67.0 


27.2 


1.0 


4.8 


0.547 


0.00229 


I 


73.8 


19.1 


3.1 


4.0 


0.439 


0.00264 


D 


71.6 


21.2 


2.4 


4.8 


0.485 


0.00171 


C 


68.0 


25.1 


2.6 


4.3 


0.495 


0.00158 


H 


79.7 


16.4 


2.1 


2.8 


0.458 


0.00235 


J 


84.0 


14.0 


1.0 


1.0 


0.476 


0.00137 


K 


76.7 


18.0 


3.1 


2.2 


0.505 


0.00124 



analyzer. However, the photographs 
shown in Fig. lOA-C are SEM images of 
the polished and unetched surface of the 
weld cross section showing the presence of 
inclusions. The measured size (average di- 
ameter) and volume fraction of inclusions 
are as listed in Table 6 and graphically 
shown in Fig. I1A~C, There is a distribu- 
tion of inclusion sizes. Further details on 
inclusion distribution will be discussed in a 
subsequent paper primarily focusing on 
the aspects of weld metal inclusions. The 
term 3-D means inclusion analysis done in 
three dimensions, i.e., volumetric. It is well 
known formation of intragranular acicular 



fcrrite crucially depends on the presence 
of an optimum amount of inclusions. It is 
seen from the figures the inclusion content 
significantly differs in welds made under 
isoheat input conditions but with different 
combinations of current and speed. 

Discussion 

It is well established (Refs, 5-8) that the 
toughness of ferrous welds is dependent on 
the presence of a microstructure predomi- 
nantly consisting of intragranularly formed 
acicular ferrite (AF). This is because of a 
basket-weave-type morphology, 1-3 in 
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size, with high angle boundaries and ran- 
dom orientation. This morphology makes 
the AF inherently resistant to crack propa- 
gation (Ref. 8) and to have low transition 
temperature values. On the other hand, 
presence of large proportions of upper bai- 
nite, ferrite side plates, or grain boundary 
ferrite are considered to be detrimental to 
toughness. These structures provide easy 
crack propagation paths, especially when 
continuous films of carbides are present be- 
tween ferrite laths or plates. 

The final microstmcture developed as 
a result of welding is principally governed 
by the relative position of the continuous 
cooling transformation (CCT) diagram 
for the particular weld metal and the ac- 
tual weld cooling curve. The position of 
the CCT curve will depend on the carbon 
content, percentage of hardenability ele- 
ments, prior y grain size, and the presence 
of inclusions. It should be noted, in gen- 
eral, the role of hardenability elements is 
to delay the transformation (shift the CCT 
curve to the right). On the other hand, an 
increase in inclusions favors the transfor- 
mation (shift the CCT curve to the left). 
The higher the prior austenite grain size, 
the more the CCT curve will be shifted to- 
ward the right and vice versa. For a given 
weld composition and cooling rate, the 
type of microstructure will essentially de- 
pend on the level of inclusions and prior y 
grain size. Thus, development of a weld 
microstructure is a result of complex in- 
teraction between the material being 
welded, its thickness, and different weld- 
ing parameters, as schematically depicted 
in Fig. 12. It should be stressed the overall 
conditions required to obtain predomi- 
nantly AF structure lie in between those 
that promote martensite and bainite type 
of transformation (faster rate of cooling 
and shifting of cooling CCT curve to 
longer periods) and those that promote 
formation of a (slower cooling rate and 
shorter periods). It is apparent conditions 
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Fig. 6 — Variation of prior austenitic grain size with current under isoheat Fig. 8 — Variation of acicular ferrite content with current under isoheat input 
input conditions. conditions. 




TMt 7 — Interdependency of Factors 



fig 7 — Micrographs showing prior austenite 
grains. A — Weld H (lOOX); B — Weld C 
(JOOX); C — Weld G (63X). 

for maximizing AF require optimization 
of various interrelated parameters. 

In the present case, variation in the 
weld compositions obtained during vari- 
ous welding trials was not significant (di- 
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lution varied between 50 and 60%) except 
in the case of carbon content. The mini- 
mum carbon content was 0.054% (Weld 
G) and maximum 0.077% (Weld E). How- 
ever, for most of the welds, carbon content 
was between 0.063 and 0.075%. An in- 
crease in carbon content is known to shift 
the CCT curve to longer times. However, 
this effect has not been considered signif- 
icant as compared to other parameters be- 
cause the differences in the carbon con- 
tents of the welds are not very large, 
especially in view of the presence of other 
alloying elements that contribute to hard- 
enability. Thus, the CCT curve, as far as 
the role of hardenabiJity elements are con- 
cerned, can reasonably be assumed to be 
fixed. Hence, one needs to essentially con- 
sider the prior austenite grain size and the 
volume fraction of inclusions found in dif- 
ferent welds, both of which showed sub- 
stantial variations in different welds (Ta- 
bles 5, 6). 

Last, but not least, the actual cooling 
rate experienced by the weld should be con- 
sidered. It is important to know in studying 
the effect of welding parameters, for conve- 
nience' sake, the parameters are usually 
combined and expressed as heat input. This 
approach, although practical, may not re- 
flect the individual effects of the various 
welding parameters, which could be signifi- 



cant and might vary under identical heat 
input conditions. This important aspect is 
clearly seen in Figs. 4-6, 8, and 11, wherein 
there is significant difference in the results 
(nugget parameters, y grain size, etc.) ob- 
tained under identical heat inputs but with 
different welding current and speed combi- 
nations. This implies the cooling rate the 
weld experiences may not have a monoto- 
nic dependence on heat input, especially 
when the welding current is high. 

From Fig. 4 and Table 5, it is clear with 
an increase in current there is an increase in 
NA. The NA will depend on penetration 
and the factors that tend to increase width 
and reinforcement. At the highest heat 
input, a sharp increase is also noted in NA 
when going from 425 to 625 A. However, 
from 625 to 800 A, the change is not signif- 
icant. Thus, it is seen under constant heat 
input conditions a wide variation in nugget 
area is obtained and the variation increases 
as heat input is increased. Under these con- 
ditions, it is unrealistic to expect similar 
weld metal properties when the same heat 
input but different welding current and 
speed combinations are used. 

Dependence of Heat Extraction from FZ 
on the Weld Nugget Morphology 

Empirical expressions for weld cooling 
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Fig. 9 — A — Micrograph showing GBF in Weld 
E (250X); B — micrograph showing FSP in Weld 
G (500X); C — micrograph showing AF in Weld 
J (JOOOX). 



Fig. 10 — Micrographs showing weld metal inclu- 
sions. A — Weld I (3000X); B — Weld G (3000X); 
C—WeldK(3000X). 



rate available as thick and thin plate solu- 
tions (Refs. 9, 1 1) do not take into account 
the effect of the wide variety of nugget 
morphologies obtainable under the same 
heat input but with different welding 
speed and current combinations. These 
solutions do not agree with the actual weld 
cooling rates measured (Ref. 12). A sim- 
ple approach is presented here introduc- 
ing the concept of NA/Cl ratio (Ref. 13). 
Tn the conventional approach, the cooling 
rate is qualitatively thought to be directly 
proportional to the effective plate thick- 
ness and inversely proportional to the heat 
input. In the present approach, the cool- 
ing rate the weld actually experiences is 
thought to be related to NA/Cl. With in- 
creasing current at constant heat input, 
welding speed is required to be increased 
proportionately. This leads to an increase 
in the dimensionless operating parameter, 
n, given by n = Mix \rlk\ where A: is a ma- 
terial-related constant involving thermo- 
physical constant properties (Ref. 14). It is 



established that, with increasing n, weld 
NA increases. Obviously, melting effi- 
ciency will increase for the same heat 
input. Note the operating parameter is 
proportional to the square of the welding 
speed at any given heal input. 

As defined earlier, nugget area (NA) 
quantitatively represents the amount of 
heat required to be dissipated by the sur- 
rounding substrate metal and will depend 
on heat input in the conventional sense. 
CI, on the other hand, represents the 
FZ/HAZ interface available for conduct- 
ing away the heat that accumulates in the 
fusion zone. For cooling rate estimation, it 
is common practice to evaluate effective 
plate thickness, heat input, thermal diffu- 
sivity of the material, and joint geometry. 
Based on the value of this effective plate 
thickness, it is assumed the heat transfer in 
2-D or 3-D and approximate solutions are 
used to estimate the cooling rate experi- 
enced by the weld. In the present ap- 
proach, the ratio NA/Cl is proposed to 



represent the cooling rate. Exclusions of 
thermophysical properties in this relation- 
ship are justified because the same mater- 
ial is being considered in all the welds. 

The relationship is not expected to be 
linear but, with the assumptions made in 
defining NA and CI, it can be stated the 
greater the ratio, the lesser the cooling rate 
and vice versa. The positive feature of this 
approach is inclusion of the morphological 
feature of the weld nugget resulting from 
the particular combinations of welding pa- 
rameters, which is not possible in the con- 
ventional approach (Refs. 13, 15). A plot of 
NA/Cl vs. current at various heat inputs is 
shown in Fig. 13. It is clearly unreasonable 
to expect identical cooling rates for welds 
prepared with the same heat input but dif- 
ferent current and speed combinations. 

Maximization of Acicuiar Ferrite 
in Microstructure 

Development of a weld microstructure 
consisting predominantly of intragranu- 
larly formed acicuiar ferrite (75% or 
more) (Ref. 16) has always been the aim 
when welding carbon and low-alloy steels. 
It is generally accepted (Ref. 17) achieve- 
ment of the above depends on favorable 
disposition of interdependent factors such 
as the following: prior austenite grain size, 
presence of optimum volume fraction of 
potent nucleation sites such as inclusions 
0.2-0.5 IX in size, fusion zone chemistry 
with respect to hardenability elements, 
and cooling rate actually experienced by 
the weld. On cooling, the austenite trans- 
forms to a variety of micromorphologies 
as follows (approximate transformation 
starting temperatures are in parentheses): 
grain boundary ferrite (~800°C), ferrite 
side plates (-750°C), polygonal ferrite 
(-750-650°C), and acicuiar ferrite 
(~650X) (Ref. 7). In addition, a variety of 
residual phases (Ref. 18), referred to as 
microphases, consisting of small amounts 
of martensite, retained austenite, and de- 
generate pearlite, also form. Usually the 
transformation to ferrite morphologies is 
quite efficient and the total amount of 
residual phases not significant. Since cool- 
ing is continuous, the final microstructure 
will contain many of the previously men- 
tioned phases with the volume percent dis- 
tribution of each phase decided by the par- 
ticular combination of interrelated factors 
mentioned earlier that exist during weld- 
ing. As suggested in a recent work (Ref. 
19), it is useful to visualize a small region 
in the weld CCT diagram called the acicu- 
iar ferrite window. If the actual weld cool- 
ing curve passes through the fair portion 
of this window, then acicuiar ferrite will be 
maximized. The position of this window 
will be decided by the first three factors 
mentioned earlier — Fig. 14. It should be 
remembered Fig. 14 is just a schematic 



244 -S 



NOVEMBER 2002 



A 


Qi50 




















ul;?4 • 










0.53 • 


















« 


M.5 ' 


















O 


0.41i ' 


















O 


0.46 . 




. . i: 




£ 












0.44 










0.42 - 










400 




600 TOO SOO 


900 








Cumal (AmpO 















B 



9 g 

« 1 o 
Ik. S 



sop BOO TOO SOO 

CtirronI (Amp.) 

: • 1.0 Ujmm >• 2.8 UJi'mm ^ 3.7 liJ fmm 



fig^ } J — Variation of inclusion size with current under isoheat input conditions; B — variation of inclusion volume fraction with current under Isoheat 
input conditions. 




i 



MtCitOSTiUtCtUli j^i 



9 »k>¥' lWik»>^ 



« SpCfi4 




600 700 aoo 
TT i,97MmB — 2.91 liJ /Bin ^l.TaUAnm 



900 



72 — T\ie various factors that play a role in deciding weld microstructure. Fig. 13 — Plot of NA/CJ ratio with current under isoheat input conditions. 



representation of an ideal situation. The 
key to maximizing acicular ferrite is for the 
actual weld cooling rate to avoid the FSP 
formation zone as far as possible. This is 
because once FSP is nucleated, it grows at 
a rapid rate with the growth terminating 
on soft impingement with other FSP by 
acicular ferrite. Since all these factors are 
related to the welding parameters, in prin- 
ciple it should be possible to determine, 
for a given set of conditions, optimum pa- 
rameter settings for maximizing acicular 
ferrite. However, it is essential to first ob- 
tain correlation between factors that are 
responsible for the metallurgical phenom- 
ena leading to acicular ferrite formation. 

Prior Austeni^e Grain Size (g) 

It is well established (Refs. 20-22) that a 
minimum prior austenite grain size is re- 
quired below which formation of acicular 
ferrite is not favored. The primary reason is 
the greater availability of grain boundary 
nucleation and growth sites for the high- 
temperature diffusional transformation 
products, i.e., GBF. By the time the kinetics 
of these reactions slow down parabolically, 
limited nontransformed austenite is avail- 



able for the low-temperature displacive 
process of forming acicular ferrite leading 
to an inadequate volume fraction of the de- 
sirable phase (Ref. 6). As the grain size in- 
creases, formation of acicular ferrite is en- 
couraged, provided other factors are 
favorable. However, above a particular 
grain size, formation of AF is discouraged 
due to shifting of the CCT curve to longer 
times leading to lower temperature trans- 
formation products such as bainite and 
martensite (Ref. 16). The available infor- 
mation suggests an optimum size; however, 
that would depend on other factors. It has 
been reported for a certain weld chemistry 
(low Ti-B welds of low C steels), optimum 
values lie in the range of 20-60 ^ (Ref. 17). 
From Fig. 6, it is clear prior austenite grain 
sizes can be significantly different under the 
same heat input but with different current 
and speed combinations. This is more pro- 
nounced at higher heat inputs. It should 
also be remembered the size would also de- 
pend on the cooling rate represented by 
NAyCl and inclusion volume fraction. 
Lower values of the former and higher val- 
ues of the latter should lead to smaller grain 
size. Under isoheat input conditions 
(Fig. 6), the prior y grain size decreased with 



an increase in current level. This indicated 
for welds made with identical heat inputs 
but different combinations of welding cur- 
rent and speed, the resultant microstruc- 

tures may not be the same because the prior 
Y grain size influences the microstructural 
transformation to a great extent. This will 
definitely have its effect, in turn, on the final 
mechanical properties of the weld metal. 

Volume Fraction of Inclusions 

It is well established (Ref. 17) that pres- 
ence of an adequate amount of inclusions of 
sizes greater than 0.25 jU is necessary to 
allow the intragranular formation of acicu- 
lar ferrite. Controversy exists (Refs. 22, 23) 
as to whether the potency of these inclu- 
sions depends on their chemical nature or 
whether they merely provide inert surfaces 
to enable the nucleation of the acicular fer- 
rite. However, the following are clear as far 
as the role of these inclusions: 

a) There is no possibility of obtaining any 
acicular ferrite in the absence of inclusions. 

b) The inclusion size should be in the 
range of 0.25 to 0.50 microns. 

c) Inclusions at the grain boundaries 
have a dual role to play, i.e., smaller ones 
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fig, ;5 — Variation of acicular ferrite content with NAICl ratio. Fig. 16 — Correlation of acicular ferrite content with NA/CI ratio and prior 

austenitic grain size. 



restrict grain growth and larger ones en- 
courage nonacicular ferrite transforma- 
tions (both these events are detrimental to 
the final microstructure formed). 

d) The above leads to an upper limit to 
the desired volume fraction of inclusions. 

e) The greater the volume fraction 
(less than the upper limit), the smaller the 
interinclusion distances will be and the 
finer the acicular ferrite plates. 

f) Several plates of acicular ferrite can 
form per inclusion. 

As in the case of other metallurgical 
factors, inclusion characteristics, namely, 
inclusion size and volume fraction, signif- 
icantly depend on the welding current and 
speed combinations used even though car- 
ried out at same heat input (see, respec- 
tively, Figs. 11 A, B). It is seen from these 
figures and Table 4 there exists some cor- 
relation between oxygen content in the 
weld and inclusion volume fraction, espe- 
cially at medium and higher heat inputs. 

Cooling Rate 

Weld cooling rate plays the decisive 



role in determining weld microstructure. 
The general effect of increasing the cool- 
ing rate is to lower transformation tem- 
peratures. When cooled at sufficiently low 
rates, the microstructure predominantly 
tends to become polygonal ferrite- 
pearlite. As the cooling rate is progres- 
sively increased, there is a tendency for the 
polygonal ferrite to be refined and be- 
come limited to the prior austenite grain 
boundaries (Ref. 24). This morphology is 
often referred to as grain boundary al- 
lotriomorphs. Increased cooling rates also 
reduce, and eventually eliminate, the 
pearlite phase. The weld microstructure 
can also show Widmanstatten side plate 
morphologies that grow out of the large 
polygonal ferrite grains at low cooling 
rates or out of the grain boundary allotri- 
omorphs at higher cooling rates. An in- 
creased cooling rate tends to increase the 
ratio of side plates to polygonal ferrite in 
the final microstructure. It is useful to re- 
member kinetics of side plate growth, 
which is a displacive phenomena and re- 
lies on the instability of the austenite/fer- 
rite interface, is extremely fast as com- 



pared to the diffusion-limited parabolic 
growth rate of grain boundary ferrites. At 
intermediate cooling rates, provided in- 
clusions are present, intragranular forma- 
tion of acicular ferrite is encouraged. At 
still higher cooling rates, the lath ferrite 
structure, consisting of colonies of parallel 
laths of ferrite separated by retained 
austenite or carbides, dominates. Finally, 
at the highest cooling rates, depending 
upon the hardenability elements, lath 
martensite is formed. 

Recall, in the present work, cooling 
rate is represented by NA/Cl and, from 
Fig. 15, it is clear, at the same heat input, 
obtaining significantly different mi- 
crostructure is possible depending upon 
the welding current and speed 
combination. 

Interdependencv of the Factors 

It is useful to discuss the interdepen- 
dency between the three factors discussed 
previously. It should be noted fusion zone 
chemistiy has not been discussed because 
it is assumed, since there has not been sig- 
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nificant variation in them, with the limited 
experimental data generated, the discus- 
sion will be of a qualitative nature based 
on basic principles of the welding process. 
Table 7 shows the matrix of the factors dis- 
cussed and indicates how each can influ- 
ence the other. 

For higher NA/Cl, cooHng is slower so 
the weld will spend a longer time at higher 
temperatures, leading to larger austenite 
grain size. At the same time, there will be 
greater chance for the inclusions to be ab- 
sorbed by the slag leading to a drop in the 
volume fraction of inclusions. Further- 
more, the average size of the inclusion is 
likely to be larger. It is unlikely prior 
austenite grain size is likely to influence 
the other factors. With respect to inclusion 
parameters, greater volume fraction will 
lead to a greater presence of inclusions at 
the grain boundaries, some of which can 
act as grain pinning agents and lead to re- 
duction in grain size. As the inclusion size 
increases, prior austenite grain size will 
tend to increase because of lesser pinning 
potential. It is clear from the previous 
qualitative statements, the cooling rate 
represented by NA/Cl will have a domi- 
nant role to play in deciding the nature of 
weld microstructure as it appears to affect 
all the other factors affecting the ultimate 
weld microstructures. 

Dependence of Correlation between 
Different Factors Responsible for the 
Formation of Acicular Ferrite 

Since NA/Cl appears to play a domi- 
nant role in deciding the microstructure, 
the percentage of acicular ferrite as a 
function of NA/Cl was plotted as in Fig. 
15. It was found necessary to fit the data 
points corresponding to higher current 
separately from the data points corre- 
sponding to low and medium currents. 
The figure also shows, for similar cooling 
conditions, a higher volume fraction of AF 



is obtained at high 
currents. This 
could be related to 
the fact at higher 
currents the weld 
pool is subjected 
to significantly 
greater convective 
flow since the con- 
tribution by elec- 
tromagnetic stir- 
ring effects is 
larger. This can 
have an effect on 
the inclusion char- 
acteristics leading 
to different mi- 
crostructures. 

To remove the 
above separation, 
other factors, 
namely, prior 

austenite grain size (g) and volume fraction 
of inclusions, were incorporated one by one. 
The first correlation (Fig. 16) was obtained 
by performing regression analysis between 
the percentage of acicular ferrite and the 
combination of NA/Cl andg. The following 
correlation was then obtained: 




%^/^= 405.8 X 



Fig. 19 — Correlation of acicular ferrite content with NAICl ratio, austenite 
grain size (g), and modified volume fraction of inclusions (f). 



To further improve the correlation, 
help was taken from the fact there is a crit- 
ical range of inclusion size that is likely to 
be most potent (Ref. 25). From Fig. 18, it 
can be seen volume fraction of AF is max- 
imized when the sizes of the inclusions are 
within a range of 0.44 to 0.5 ^i. On per- 
forming regression analysis between %AF 
and the combination of NA/Cl, g, and / 
represent the modified volume fraction of 
inclusions (only inclusions between 0.44 
and 0.5 \i were considered), a higher r^ 
value of 0.90 was obtained — Fig. 19. The 
ultimate relationship obtained was 



(1) 



The correlation was not a good one 
since r^ was only 0.67. An improvement to 
r^ = 0.82 was observed by including the 
volume fraction of inclusions (f) — Fig. 
17. The improved relationship was 



(3) 



( 



(2) 



The correlation shown in Equation 3 
appears to be reasonably acceptable con- 
sidering the complexity of the processes 
involved. The practical utility of the corre- 
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lation can only be realized when the same 
can be represented in terms of welding pa- 
rameters. Each of the terms appearing in 
Equation 3 has been correlated with weld- 
ing current and speed (Ref. 13). It was 
then possible to correlate the AF content 
with welding parameters. That will form 
the subject of a subsequent paper. The 
utility of this correlation for setting up the 
practical welding parameters appears to 
be restricted as it involves sectioning of the 
weld. However, this correlation can serve 
the purpose of giving starting welding pa- 
rameters for similar grades of steel sub- 
strates and consumables. The magnitude 
of exponents of the various terms in Equa- 
tion 3 are possibly indicative of the allow- 
able tolerance of the three main factors 
responsible for obtaining a given level of 
AF content in the weld microstructure. 
Prior austenite grain size appears to be 
most critical as indicated by a relatively 
high value of exponent 0.44 as compared 
to other exponents. A very small value for 
the exponent on inclusion volume fraction 
(0.043) does not mean that without the in- 
clusion it is possible to obtain any intra- 
granularly formed AF. All it possibly 
means is a wide range of inclusion content 
is acceptable to get the desired AF content 
in the weld microstructure. 

Conclusions 

From the present investigation, it is seen 
significant variations in bead morphology 
and weld microstructure can occur under 
identical heat input but with different cur- 
rent and travel speed combinations. From 
the present investigation, the following 
major conclusions can be made. 

1) Depending upon the welding current 
and travel speed combinations used, signif- 
icantly different dependence of all the in- 
fluencing parameters were observed even 
though heat input was the same. This can be 
attributed to differences in the weld bead 
morphologies. Different weld bead mor- 
phologies are likely to lead to different weld 
cooling rates that will affect the microstruc- 
ture by itself and also different microstruc- 
tural features, e.g., austenite grain size, in- 
clusion parameters, that, in turn, will 
further contribute to the final AF content. 

2) A new cooling parameter NA/Cl 
was found to be a useful representation of 
the actual weld cooling rate. Rosenthal's 
work on moving heat source allows ex- 
pression of the cooling rate based on 
quantities that can be measured/deter- 
mined prior to welding (plate thickness, 
heat input, preheat, etc.). But it need not 
necessarily represent the true cooling rate 
because of the empirical nature of defin- 
ing the heat transfer situation and also in 
not taking cognizance of the actual bead 
morphology that forms. 



3) Using multiple regression analysis 
along with other interdependent factors, a 
correlation between acicular ferrite and 
the influencing parameters was obtained 
with a high degree of correlation coeffi- 
cient. From the magnitude of the expo- 
nents of the various terms in the correla- 
tion derived, it appears prior austenite 
grain size is the most critical factor. On the 
other hand, the low value of the exponent 
on inclusion volume fraction suggests that, 
although necessary, some variations in the 
inclusion volume fraction can be tolerated 
to obtain a desirable AF content. The 
magnitude of the exponent on factor 
NA/Cl, which represents the true cooling 
rate, is intermediate and indicative of 
greater tolerance than that allowed for 
prior austenite grain size. 

4) The correlation has been derived on 
the basis of sectioning of the welds. How- 
ever, the correlation can serve the purpose 
of obtaining starting welding parameters 
for similar grades of steel substrates and 
consumables. For this it is necessary to es- 
tablish the correlation between various 
factors and welding parameters (Ref. 13), 

5) The full utility of this correlation de- 
rived for the present combination of steel 
substrates and consumables can be real- 
ized if realistic mathematical modeling of 
weld bead morphology, i.e., NA/Cl ratio 
and microstructural features like prior 
austenite grain size and inclusion volume 
fraction can be performed. 
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